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Abstract

Many of the appioaches proposed fo date for asscmbly
planning have focused onthe gecomelric reasoning of path
interferencesamong par 1S to ge.rle.rate assembly sequences
efliciently. 1 Jowever, we find lhatthcphysicalI'("GSONing of
interconnection forces (lorques) requited for mating
operations also plays a very important role in determining
asscmbly planuing. Ju this paper, we cxp]orcmclho'ds for
accomplishing  physical reasoning o f interconnection
forces requited for assembly andincorpoate the results
into the assembly planning. ‘The physical jeasoning o f
intcrconnccli‘ml allows par { merging f o r
subassembly identification which helps 10 avoid many
computations required for geometiic reasoning and thus
cnhances the efficiency of assermbly planning.

forces

1 Introduction

"The approach {0 the problem of asseinbly planning is based
cithcion the forward search of feasible, assembly
sequences [1] or backward search of asscinbly sequences
in the form of disassembly planning[?,3,4]. No matter
whichapproach is taken, the problem is basically a scaich
problem that is subject 1o the satisfaction of certzin
piecedence 1elationships or jufeasibility conditions for
asseinbly o r disassembly due to the topological o r
geometrical constiaints, One approach is to develop an
interactive system in w h i ¢ h Ml imal questions are
forinulated and basedon the 1csponsces of the desiguer the
specification of precedence relationships for searching is
completed][5,6,7). 'The other approach is to develop  a
planning system that can do the avtomatic 1casoning of
geomctiic interference and path planning for the test of
infeasibility conditions for assembly planning [8,9,10].
ITowever, usually such geomelric rcasoning is quite
computationally expensive and the complexity may grow
exponentially as the number of the parls increases. Qne of
the curientresearchis thustoachicve the. efficiency by the
method such as logicalinference to avoid unnecessary tests
[9,11].

111 order tobring the assembly planning closer to the
real world environment, some other factors that affect the
assciubly planuing in addition to the geomettic reasoning
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for part mating should also be takenintoaccount. A very
important and practical factor to be considered is the
interconnection form or torque requitcientduting the
assembly operation. This factor n o t only affects the
completeness of assembly operation but also the stability
problem which subscquently will affect the. asscmbly
planning. The rc.search onthespecific problems of
subasscinbly stability underthe existence of gravity or
external forces has also beenaddigssed in some
literatures[12), but the incorporation of this factor into
consideration for the gencration of assembly planning
seemedstill lark of.

This paper presents  a simple way 1o take the
intercormection forces into accountwhile generating the
assembly planning. The approach f o r gencraling the
assembly planning is based on the method proposed by
s.1 «e called Backward Assembly Planning (DA]’). The
BAP method finds the. feasible asscmbly sequences by
revelsing the disasse mbly sequences obtained through the
recun sive d ccompositi onis of all asscmbly into valid
subassemblics [1 3]. By such physicalreasoning of the
interconnection forces forthe test of inteiconnection
feasibility, much computation efforts for the tests of
g cometiic inteifcrences canbe avoided inadvance 1o
increase the planning ¢ {Ticiency.

2. Interconncection Keasibility

Consider a very simple hypothetical example in Fig.1 in
which Plis connected with P2 by “loosc fit” while P2 is
inser ted into P3 by “forced fit” and a cover P4 will be
placcdon the base of Pland welded to 1)3. If we consider
only the geoimnetiic constraints without considering the
requited interconnectionforce for the asse mbly task, most
of the developed assembly pianning methods will generate
three “feasible” assembly sequences as shown in Iig 2.

It is obvious that eventhough sequence 1is a feasible
one, additional fixture or holding device is neceded to
stabilize the subassembly {P1,P2}toasscmble 1°3. This
type of undesirable assembly sequences maybe discarded
after the assembly cost evaluation. Mowever,if the
interconnection force 1equired for assembly task is not
considered, somc infeasible assembly scquences maybe
generated such as sequence 2 in Fig2.Thus the
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interconnection feasibility condition is 1equited and is
importantbecause bringing parsto their mating positions
without any geometiic interference is notenough. Usually
external forces or torques arcnceded to excrl on the parls
to completc the assembly task and the inlerconnection
feasibility will alsoaffect the. assembly scquences.

Fig.3. A hypothetical assembly to iflustiafc
theinterconnection feasibility.
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Fig. 2. Possible assembly scquences for
the assembly in Tig. 1.
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2.1 Interconnection types

in order to analyzc the required interconnection fmee for
intcrconnection  feasibility, we  categorize  the
interconnection types of liaisonsinio four types:
(1) Pure-Contact Interconnection:
The interconnection of the parts is completed by
simply biinging the paitsto their mating positi onand
contact t0 each other without exciling any exicinal
force to the pails to establishthe inferconnection such
as “Placc-on” type of interconnection.
Forced-Contact Interconnection:
The interconnectionis completed by exerling force or
torque to onc or both of the park to establish the
interconnection, for instance, the “Force-fit” type of
interconnection.
(3) Medium-Contact Interconncction:
‘The interconnection is compleied by pure contact and
some other media which arc considered as connectors
rather than a pail in assembly planning. For cxan‘lplc,
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two pails arc. connected through the “connectoss” such

as “pin”, “sciew”, “bolt” or “rivet”,

(4) Mixed-Contact Interconnection:

‘he interconneetion of the liaison is completed by both
applying force 10 the parsandby the rcinforcement of
the conneclors.

in this categolization, soine parls whose function is simply

to connect other parls are considesed as connectors instead

of parls and arc treated separately in asseinbly planning,

The reasons to do such distinctionare:

(J) Sometimes the.lc arcinany pails used as conneclorsin
anassenbly.The exclusion of this kind of parisf{iom
regular par (8 can 1cduce the number of park considered
in assembly planning dramatically which will incicase
the efficiency of theassembly planning.

(2) Because of the specific function of connectors, usually
the assembly task and the installing tools can be
conside red separately in a nuch simpler way.

Usually parts such as screws, blots, pins,rivets, cven welds

ctc. are considered as conneclors.

2.2 Imterconnection Feasibility

Consideration in BAYP

The core of Backward Asscmbly Plauning (3BAP) is the
process which 1ecwsively identificsand selects preferred
subassemblics called dircct subassemblics[13].1n other
words, the process recursively find s the vajid cut-sets of the
liai son graphs without violaling soinc necessaty and
sufficient conditionssuchas accessibility, interconnection
feasibility, gcometiic interference conditions, special
process coil.straillts ctc. Some of the. tests of the.sc
conditions ate very time consuming, for instance, the
geometricreasoning for the interfercnce checking. Inorder
lo increase the cfficicney, these condilions arc tested
hicrarchically. In BAP, the interconncction feasibility is
chosen to be test first because it involves only one
individual liaison at a time so that the computation is much
simpler than other tests. A preprocess called meiging
processiotest the intciconnectionfeasibility is tic\’eloped
anddiscussedinnextsection. Thioughthis preprocess, the.
original liaison graph can be tansfoimed into a much
simpler forin so that the numberof those computationally
expensive tests canbe dramatically reduced and increase
the cfficiency of asscinbly plannig.

3.Part{ Merging P’rocess

The merging process is basically to identify eachliaison in
liaison graph, Gy (A), that violate the interconnection
fusibility condition and merges those parts associated with
that liaison. Through this merging process,thre¢ purposes



arcachieved:

(1) The interconnection feasibility condition is tested.
(2) ‘The gencrated assembly sequences are 1¢eversible.
(3) The liaison graphis simplified 10 increase efficicney.

3.1 Interconnection Feasibility Condition Test

According to the calcgorization in section 2.1, whether or
not the interconnection of a liaison betweentwo patts can
be completedis determined by the satisfaction of following
two conditions:
Condition 1.
The feasibility of applying and  oper ating tools for
installing  the  connectors  required for the
interconnection of the liaison.
Condition 11.
The feasibility of applying the forces, wihile maintaining
the stability, required for the establishment OF e
interconnection.

3.1.1Testing of Condition 1

The test of condition] is nceded for liaisons of

interconnection types with connectors. The test is done by
checki ng the existence of open chan nel to the designated
location, throupghwhich the 1001 Can operate toinstalithe
conncetors without gecometric inteifercnce. I'his can be
casily achicvedbeeanse of the special featuies and function
of connectors and the toolsnceded to install the. connectors.
‘The algorithmto test the interconnection feasibility forthe
liaisonusing conncctors is shown inkig. 3.

Step 1: Check the types of connectors (revolute or
translation).

Step 2: Define the operation space (volume), V.,
according to the volumes of connectors and
the tools required to install the conductors.

Step 3: Determine the approaching direction (path),
D, according to the orientation and position
of connectors and installation of the operating
tools.

Step 4: Check if interference occurs by sweeping V,,
along D,

Fig. 3. Algorithm for interconncction test
of liaison using conncctors,

3.1.2 Testing of Condition 11

The test of condition Ilrcquiresthe reasoning 011 the force
propagation 10 a liaison through otherintcrmediate
liaisons.In order to consider the force delivery through the
liaisons, wc classify the liaisons into three c.lasses:
()) Floating Liaisons:
A liaison is said to b¢ floating if there exists no physical
force holding the parts associated with thatliaison
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together. A liaison of purely-collk3Ct interconnection
type. is a floating liaison.

(2.) RigidI.iaisons:
A liaison is said to berigidif thete exists physical fore.c
holding the associated pails together, o1theie exists
other medivm like the conncctor holding the parls
together, by which the liaison becomes scl[-stable even
under the presence of externalforces. For instance, a
liaison of forced-colllfict interconnectiontype like
“force-fit”, or a liaison of medium-contact
interconnection type like “rivet-connection” maybe
classificdas a rigid liaison.

(3) Weak-Rigid Iiaison:
A liaison is said to bc weak-li~,id if there exists a
physicatforce holding the associate.rl parls toge.[her, by
which theliaisonbecomes self-slable. The distinction
betweentigidand weak-li~,id liaison is thatunder the
presence of cerlain amount Of exter nal forces, weak-
rigid liaison may ¢xhibit a* deformation or a ficcdomof
motion. For example, a “loose-{it” interconncetion
liaison mayicsull in a freedom of motionif the external
force cxceedsthe holding force (Niction) between the
two parts.

The distinction between 1igid and weak-rigid liaison is

done by specifying a threshold. The liaison with holding

force larger tha n the specificd threshold is classified as

rigidliaisonotherwisc it is class ified as weakiigid liaison,

The thieshold can be specificd by the designer. For

cxample, the threshold can be specificd as the maximum

interconnection force iecquited among all the liaisons.

3.1.3 Force Delivery Th rough Liaisons

Inorder t o consider the foree propagation thiough the
liaisons, the local freedom of motion (1L4A1) as sociated
with a liaisonshouldbe determinedfisst.The localfrecdom
of motion Of aliaison/; connecting Pland P2, LEM (1), is
represented by the clative ficedom of motion of Plagainst
P2 orrclative ficedorn of motion of 1°2 againstP1, i.e..,
LEM (I;P1|P2) o r LEM (I;P2]P1). The 1esea 1ch on
determining the local freedom of motion for separation of
two parts is also aninteresting and active ficld. 1 ots of
works have been d one inthis arcas. In this peEper, we aic not
going to discussitin detail. Ingencial, the localficcdom of
translation motion of a part in thice ditnension takes the.
form of a convex conc.

While considering the interconnection feasibility, the
localficedom of motion of a liaison is 1ot only determined
by the geomctric constraints hot also the physicalforce
existing in the liaison that holds the paits.To take the
physical force into account, the LIA of a liaison is
generalized to include this information, A genelalizedlocal
frecdom of motion (G1.FA)y of a liaison can be represented



as:

GLEM (I P1|P2)- (LKM (I P1[P2), F)

where LEM (I5P1|P2) is the spare of possibledirections of
scparation of Plrelative to P2 determined by geometric
reasoner. I7is thercquired exiernal force or torque to
cstablish (or break) the liaison in that space of dircctionsof
scparation.Yor a floating liaison =0, for a 1igid liaison F'
. ooand for a weak-rigid liaison F = fwheref is the force
or torque 1¢QUited to cstablish or brcak the liaison. Ihe
GI.IM of a weak-ris,i(i liaison is illustiatedin Fig. 4.

GLEM (5 P1[P2): {(1X, 501b), (R*(4 X),)}
L {1, 50 b))

!
Fig.4. GLI'M of a weak-rigid liaison

Now in orderto test condition 11, following definitions
arcint10duce | for the 1€ st of feasibility of PPLY ing force
required for the interconnection of liaisonl;.

Definition: Accessible Node, A-Node
A parl is accessible if it is reachable and graspable by a
tool for the asscmbly operation. A node is accessible if
any one of the pasts thatfonmnthe node is accessible.
Definition: Accessible Path to a node n, A-path(n)
Anaccessible path 10 a node n is a pathstarling from an
A-node andending with the node n withouthaving any
other A-nodc in the middle of the path. Following arc
the propeiliesassociated with an A-path:
* A- node hasan A-pathto itself.
* A node nmay have onc or mor¢ A-paths.
* An A-path is rcpmscm(:(iby anordered set of the
liaisons of pails on the path.
+ Indep ender gt A-pathsstwo A-]aths are said to be
independent if they shaie no common patls,
Definition: Generalized Internal Motion Space
GIM| A-path(n)], of an A-path(n).
The gencralized internal motion spacc of an A-path (1)
is defined as the union of the gencralizedlocalfreedom
of motion of all liaisonsin the A-path(n). The
gencralized internal motion space represents the
flexibility that the configuration of pattsalongthe A-
path(n) canbe dc.formed by an externalforce, with first
pan (coriesponding to A-node) and last part fixed in
spat.c. Assumc that an A-path(n) is represented by an
ordered sct of liaisons, {I},/5,...1,}, with li formed by a
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pair of nodes, (n;y,np) and that Mj1152) is orderedalong

A-path(n) in the dijection10Wd 14 0. The GIM{A-

path()] = U,y GLEM (Ignig|ng)-
Definition: Force-Delive jable A-path(n).

Pue to the orihogonality between motion Space and

force space, a force f can not bedeliveredthrough a

liaison inthe ditcctions within the GLFM of that liaison

if f>1.Thus an A-path (1) is said tobe force
deliverable to 1y for the liaison Ii of (1, 1y0), if
Q) f ¢ GIM| A-path (ngp)] oz
(2) f€ GIM] A-path (1yp)] and f < I
where [ is the force o r torque requited for the
intcrconnection of (jpM2)-

With these definitions, conditionll for intcrconucction
feasibility of a liaison of (%10i2) can be transformed into
the unification of the cxistence of anyindepende pt force-
deliverable A-path for Ny and Njp-

3,2 Reversible Assembly Sequences

As pointedoutin the beginning, onc #PProach to genciate
the asseinbly scquences is  to find the disassembly
sequences of a given asscinbly and 1everse it. However,
this reversing process to § Chtlale assembly scquence is not
always coricet. In other words, the 1eversing of some
possible disasseinbly sequences ar¢ not feasible asscinbly
sequences. Thesame situation happens where the 1eversing
of some feasible @ss¢mblysequences arc not feasiblc
disasscinbly sequences. Fig. Sshowsthe simple example of
these ineversible sequences. g, 5.a shows a example that
a possible disassernbly sequenc e for this asscinbly is Pl
P4 ->1'2-> P3buttheieveise of this disassembly sequence
is not a feasible assembly because of the interconnection
infe asibility between P1and subassembly {P1,P2,P3}.¥ig.
5.b shows a feasible asscinbly sequence as P3 -> P2 -> Pl
but the 1cverse is nol a feasible disassemnbly sequence due
to the infeasibility (o disconneet PTwith the subassembly
{P2,P3}.

Anassembly or disassembly sequence is called
1eversible if its 1evelse is also a feasible disassembly or
asseinbly sequence. It would be much more ¢fficient if the
feasible assembly sequences generated by an assernbly
planner are reversible because ail the feasible disassembly
can casily be obtained atthe same time by 1eversing simply
the assembly sequences. As the example shown in Fig. 5,
because of the lack of consideration of intercormection
feasibility inassembly planning, the assembly scquences
generated by most of the piesent developed methods arc
not all reversible. in order to generate all reversible
assembly  sequences,  the interconnection feasibility
condition test is generalized to include the tests of not only
the feasibility of connectionbut also disconnection of a
liaison. ‘I'his generalization can simply be achieved by



considering the required connection and disconnection
fores atthe same time where the forces are simply of the
same amount and in opposite dire.c[ions. By considering
both the conncction and disconnection form for the test of
interconnection feasibility, the gencratedfeasible assembly
secquences in B AP are all reversible.

Forced-Contact Interconnection

I

Pure-Contact Inteiconnection

An example to show the ireversible

Fig. 5.a ¢
disasscmbly sequence.

Pure-Contact Interconnection

e

I

i

Yorced-Contact interconnection

Fig. 5.1 An examnple to show the ficvelsible
assembly sequence.

3.3 Merging Principle

A laison [; of (nj,n;) that violates the generalized
interconnection feasibility condition tests can not be listed
as a cut-set for further testing of direct subassembly, and
conscquently ny; and ny, should be merged fogether at
cunient stage. A merging principle for the test of
interconnection is developed which states as below:

Merging Principle

(1) For a liaison I; (n;3,n;5) of forced or mixed contact
interconnection types, If there exists no force-
deliverable A-paths for n;j or n;,, or no independent
force-deliverable A-paths for n;p and np, then n;y
and 1;5 should be merged.

(2) For a liaison I; (n;;,n;) of pure or medium contact
interconnection types, if there exists no force-
deliverable A-paths for n;; and ny, then nyp and ny)
should be merged.

Proof

The proof is intuitivee,

(p]) Foraforced ormixedcontact liaison, if n;jandn;,
arc intcrconneetion feasible duc to some other Palts
outside the A-paths of 1;; and 1i2» then the force.s
1equired for the interconncctionnust be propagated
from some A-nodes through these park to Nizand
n;, independently. Thus these. patls willform the
independent force deliverable A-paths for 1y and
1ii?. "I'his contradicts to the assumption that there
existsno force deliverable A-paths for n;yorn;, or

no independent foree deliverable A-paths f o 1 17 and

N;o.

(p2) Similarly, for a pure ormedivm contact liaison, if
n;; and Mizare interconnection feasible duc to some
other patlsoutside the A-paths Of I;; and iz then
the foices required for theinteiconnectionmust be
propagated fromsome A-nodes through these patls
toeither iz or Niz- Thusthese patts will form at least
onc force deliverable A-path for 1y;; 01 12 "T'his also
contradicts the assumnption that theie existsno force
deliverable A-paths for yyandngs.

from(pl) and(p2), the principle is proved. u

T he merging principle is the sufficient condition for the
interconnection feasibility test. 1 lowcever, the necessar y
condition is not always truc. Inotherwords, the existence
Of independent foree deliverable A-paths for Nizandn;
does not guaraitec that the gencralized interconuection of
Ni7 and Dz aic feasible.. Forexample,inkig. 6, there exists
independent force deliverable A-pathsfor both 2 and 3 for
the disconnectionof ! (2,3), say (1->2), (4->3). I3ut due to
the force between?2, 5, and3, 5, 2. and 3cannotbe
disconnected. Generally speaking, the niccessary condition
for the merging principle is not {1 uc if consider the wholc
subassembly globally.

Although the meiging piinciple is only the sufficient
condition for the intcrconnection feasibility, usually it is
sufficient to eliminate quite a few cut-sels of the liaison
graph at cach stage during asscinbly planning,.

Fig. 6. An example to show the nccessary
condition of mcrging principle is not true.

A process called merging process for the
interconnection feasibility test for alltypes of

interconnection is developed. The algorithm is sumimarized



A ma s

in ¥Kig.7.
Merging_Process (Gr(A))
Step 1: Pur all liaisons of G;(A) in Open-Set. Identify
A-nodes of Gy (A) (User or System)
Step 2: If Open-Set is emipty, then Stop.
Step 3: Select and remove a liaison I ~ (ny,ny,) from
Open-Sct in an increasing order from an A-node.
Step 4: Check interconnection type of 1,
if I, € {Medium-Contact or Mixed-Contact type}
goto Stepr 5.
else goto Step 0.
Steps: Check connector interconnection fcmrbzlzty of
l; (condition 1),
if False, merge ny and ng,. goto Step 2.
Step 6: Check if independent force deliverable A-
Paths of [; exist
if False, merge nyy and ny,
goto Step 2.

¥ig. “/. Merging process for interconnection
feasibility fest.
i

Afler this merging process, those pal-is that cannot be
conneeted or disconnected will be mergedtogether to form
a virtual node called supernode. ‘Uhereaf(cr, the origi nal
liaison graphcanbe ansfolmedinto a simplified form
with muchless number of supernodes. A practicalexanple
for thismeiging processisillustiated as below.,
Example: Merging Process for an A¥l

A scrvo-motor assembly and its liaison graphare shown
in Fig.8 and Fig. 9.In Order toillustiate the merging
principle, lets consider 4 5 (P8,P1 2):

A-paths(P8): {(¥2->78),(P1->P8)},

GIM| A-paths(P’8)]= {(-7.,0),¢4 7, 0)};

A-pathis(P12)={(P1->P1 2),12->11 2)},

GIM| A-pathsPI2D]{(17.55W), (-7, Tgw)};

Assumc f(115):2gw for conncction and disconnection

then f(P8):(17,2gw), f(P12): (17,2gw).

since [(P8): (17,2 ow) € GIM[(A-paths (P8)] and 2gw>0

thus P8 has no force-deliverable A-paths, ‘Thus Iy

violates the interconnection feasibility test and PS8 and

P12 arc merged together.
Following the samec maigining process, those. node.s
associatcdwiththe liaisons that violate theintcrconnection
feasibility test are all merged together. ‘I'he supernodes
foued aftcr the inerging process is shown in Fig.10.

4. Complexity

Because in general the liaison graphof an assemibly with n
pans can have O(2") cut-sets, the worst casctime
complexity of the required geometiic reasoning is O2").

The geometric rcasoning of each cut-sets usvally involves
local frecdom of motion and global path constraint tests.
The worst case of tine complexity for globaltest for all
critical directions for allcontactsis ON'). Thus the worst
case time complexity without any physical reasoning will
be O(N4?“) Now lcts consider the complexity after
physical reasoning. The maximumnumber of Ilalsons of a
liaison graphwithn par tsisn(n41)/2 which is O(N?)."The
time complexity for the interconncction feasibility test of
cach liaison is O(I\ ) for finding all thepossible A-paths.
then the worst casetime complexity of merging process is
O(N4) Assume after merging process, the number of nodes
is m, then the WoIstcase time complexity Of geometiic
reasoning is O(wa‘)wht‘u ¢ =:n/m.'T’hus the worst case
time co nplc’\‘\ny by using the nierging process is
O(N 4N1?\/C)

Iromour cxperiment, the. value of ¢ is usually grcater
than one. The iime complexity is reduced by acxponential
factor ¢ for paying only polynomial time complexity. Yor
example, afler the merging process, the otiginal liaison
giaph of the servo-mtor can be transfoimedinto a very
simple forin called abstiact liaison graph, Gy ,(A), as shown
in ¥ig. 10. The number of node. s 0f the original liaison
graph is 13. The numbei of nodes of CI (A) is now 5, ie.,
¢ 13/5: 2..6. Roughly spcaking, the rcquired geometiic
reasoning is 1educed from 277 to 2°times.

P13
11
ro
P10
14

1’5
P4

P2

P14

3 tgy'
y \%\‘\ff" SF x

Fig. 8. An exploded view of a scrvo-motor assembly



Fig. 10. Abstiact liaison graph of servo-mofor assembly
afier merging process.

5. Conclusion

in this paper, the physical icasoning of inferconnection
forces is considered and incoporated with a developed
assembly planning method called backward assembly
planning With the physical 1¢asoning of the requiied
infcreconnection forees, many compulationally expensive
geomeiricicasoning canbe avoidedin advance 10 incicase
the cfficiency o f the assembly plann ing.  Also by
considciing the genceralizedinterconnection feasibility, the
assembly planner can generale reversible asscinbly
sequences for bothasseimbly anddisasscinbly planning. Of
coursc with the consideration of forces factor during
assembly task, the assembly planning is broughtmuch
closer to the 1eal environment.
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